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Abstract
Hydrogen is a promising alternative energy carrier. Generating hydrogen via photocatalysts
is clean and energy saving comparing to the current technology for hydrogen generation.
ZnO has been proved to have photocatalytic activities for wastewater treatment by multiple
studies. However, there are not enough studies to investigate its potential to generate
hydrogen as the photocatalyst under light irradiation. Therefore, we will investigate the
photocatalytic ability of Pt/ZnO to generate hydrogen. Triethanolamine (TEOA) was used as
sacrificial reagent while Eosin Y was used as sensitizer.
Pt/ZnO was characterized and tested for its activity for hydrogen generation in different
conditions, which are platinum loading, pH value, EY to catalyst mass ratio, photocatalyst
loading, TEOA concentration and light intensity.
The results showed that 0.75w% Pt/ZnO exhibited highest activity with hydrogen generation
rate of 6.504 μmol min-1 under solar light irradiation.
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Chapter 1

1

Introduction

1.1 Background and motivation
Global warming caused by greenhouse gases (GHGs) is a huge problem that we are
facing right now. Efficient scientific evidence has accumulated to prove its exisitence.
CO2 and methane are reported to be two main resources of Green house gases (GHGs).1–4
According to the recorded data, the contents of CO2 are having a persistent increase with
the average increase rate of 1.7 ppm yr-1 (from 1980 to 2011), mostly in the Northern
Hemisphere.5 Moreover, mole fraction of CH4 has increased more than two times since
1750. Globally averaged CH4 in 1750 was approximately 722 ppb but in 2011, the global
annual mean has reached 1803 ppb.5 The combustion of fossil oil and land use change are
believed to be two main resources for the increase of CO2 and CH4.5–7
One of the most obvious consequences of global warming is temperature rising, leading
to the rise of sea level and decline of glaciers and permafrost area.8,9 If we only consider
extra CO2 and methane released from permafrost area, the estimated loss would reach
$43 billion.10 The loss caused by global warming is tremendous each year and has an
increasing tendency along with the aggravation of global warming.11 The growing release
of GHGs would not only result in temperature rising but also result in changes in extreme
events which would cause even more negative impact on environment and human
society, such as inland flooding and hurricane.12,13
To deal with this problem, finding a clean, renewable and sustainable alternative new
energy is essential for industry. Looking back to human history of fuels, the industrial
energy has developed from wood to coal to oil to nowadays natural gas, the ratio of
hydrogen to carbon has increased from 1:3-1:10 (wood) to 1:2 (coal) to 2:1 (oil) and now
to 4:1 (natural gas).14,15 In other words, fuels are going through the process of
“decarbonization”. “Decarbonization” can not only effectively relieve the climate
changes cause by GHGs emission, but also improve the utilization efficiencies of fuel
energy.16 Therefore, hydrogen is expected to be the future promising energy resources.17–
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However, the difficulties of applying hydrogen as new energy lie in designing proper

production approach and building sustainable energy system.20,21 Although hydrogen is
the most abundant and vastly distributed element on Earth, and accounts for 75% of
universe mass, hydrogen exists only in combination forms with other elements on Earth
and need to be seperated for its industrial use.22
Based on the technology that we have right now, the most commonly used one to
generate hydrogen is by fuel processing.23 Among the three primary techniques of fuel
processing which is steam reforming, partial oxidation and auto-thermal reforming, steam
reforming of methane is the most extensively applied technique.23 Although steaming
reforming technique has advantages of the absence of oxygen, low reaction temperature
and high H2/CO ratio, the sulfur that contained in methane will deactivate catalyst
gradually and steaming reforming also has the highest emission among the three
techniques which is harmful to environment.23–26 Therefore, it is necessary to find a new
technology to produce hydrogen which is both efficient and environmental friendly.
Generating hydrogen from photocatalysis using solar irradiation is an attractive option
that has drawn massive attention in recent years because it is both clean, energy saving
and renewable, shown in eq. (1.1). If we succeed in producing hydrogen by splitting
water with the efficiency that high enough for commercial use, the emission of GHGs can
then be greatly decreased so that global warming could be contained in this way.
ℎ𝑣

1

H2 O → H2 + 2 O2

𝛥G = +238kJ/mol

(1.1)

However, the main barrier for the application of photocatalysis for hydrogen generation
is its low efficiency. Overall water splitting with solely solar irradiation is the ultimate
goal, but most of the photocatalyst can only be active under ultraviolet region of light.
However, ultraviolet region only consists of 4% of solar light energy, resulting in the
waste of majority of light energy. Although there are a few photocatalysts that have been
reported to be active under visible light irradiation, such as GaN: ZnO,27 the efficiency is
still too low for it to be used commercially for it requires photocatalyst to have a proper
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band gap and appropriate band positions. Therefore, sacrificial reagent system has been
vastly used to increase hydrogen production efficiency.28
Compared to TiO2 which has been the mostly investigated photocatalysts for its ability to
split water, research about the ability of zinc oxide for hydrogen generation has been
quite limited. Most of the research has been focusing on the photocatalytic degradation
ability of zinc oxide for wastewater treatment instead of for hydrogen generation.29–31
Comparing to TiO2, ZnO is cheaper and easier to access, but ZnO has disadvantages of
slightly larger band gap (3.3 eV)32 which is slightly bigger than that of TiO2 (3.2 eV), and
it also has photo-corrosion problem which dramatically decreases its efficiency and
stability. Noble metal loaded ZnO can realize efficient separation of excited electrons and
holes to reduce the happening of the recombination reaction such as Ag,33,34 Pt,35,36 and
Au,37,38 usually have low overpotential for hydrogen evolution reaction (HER) which
attracts electrons to migrate to noble metal sites while holes remain on the surface of
photocatalysts.39

Therefore,

the

photocatalytic

performances

and

stability

of

photocatalysts can be enhanced.

1.2

Thesis objective & structure

Since the concept of photocatalyst to split water was brought up in 1972, thousands of
papers have been published, but studies on the potential of dye-sensitized ZnO to split
water is very limited. A brief review of studies about the hydrogen production potential
was listed below.
Since the concept of photocatalyst to split water was brought up in 1972, thousands of
papers have been published, but studies on the potential of dye-sensitized ZnO to split
water is very limited. A brief review of studies about the hydrogen production potential
was listed below:
Photocatalysts

ZnO/ TiO2

Light

Sacrificial

H2 generation

source

reagent

rate (μmol l-1)

visible

methanol

1.44

Author

Guo et al.40

4

(core/shell)

ZnO/CdS

visible

Na2S/Na2SO3

3.00

Wang et al.41

visible

Na2S/Na2SO3

320

Wang et al.42

visible

/

1.12

Dhanalakshmi et

(nanoparticle)
Pt-ZnO-CdS@Cd
(shell)
Ru-complex-Pt/ZnO

al.43
CuO/ZnO (corn-like)

UV

methanol

2.83

Liu et al.44

ZnO/Pt/CdS (core-

visible

Na2S/Na2SO3

18.7

Lingampalli et al.45

visible

Na2S/Na2SO3

20.8

Lingampalli et al.45

visible

Na2S/Na2SO3

0.019

Navarro et al.46

shell)
ZnO/Pt/Cd1−xZnxS
(x=0.2)
CdS/ZnO/CdO

The objective of this paper is to make up for the blank in the area of the photocatalytic
performances of EY-sensitized Pt loaded ZnO for hydrogen generation. The specific
parameters that were tested were:
•

Loading content of Pt onto ZnO

•

pH value of slurry

•

Solar and visible light intensity

•

TEOA solution concentration

5

•

EY to Pt/ZnO weight ratio

•

Photocatalyst loading

The structure of thesis is as following: i) Chapter 1 is about the background of my
research topic, ii) Chapter 2 is about the review of the research topic, iii) Chapter 3 is
about the experimental section of this thesis. iv) Chapter 4 is the conclusions and
recommendations of further studies.
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Chapter 2

2

Review

Hydrogen is a promising alternative energy sources in the future. Splitting water via
photocatalysts under solar irradiation is a potential way to produce hydrogen for
commercial use. Photocatalysts are types of semiconductors, such as TiO2,1–7 ZnO,8–14
CdS,15–20 Ta2O5 21,22 and ZrO2,23,24 that have conduction band and valence band, which
can produce excited electrons and holes when irradiated by light with proper
wavelength.25,26 The excited electrons and holes can move from the bulk of
semiconductor to the surface and react with water molecules to split water for generating
hydrogen or degrading wastewater.
Numerous semiconductors have been tested for their photocatalytic activities to produce
hydrogen since TiO2 was first investigated for its photocatalytic ability to split water
under UV light irradiation in 1972 by Fujishima and Honda.27 However, although many
semiconductors have been proved for their photocatalytic activities under UV light
irradiation, the limited spectrum responsive area and low efficiencies have hindered the
application of photocatalysts. Therefore, a vast amount of studies on photocatalysts
modification have been conducted to improve the efficiencies of the photocatalyst to
reach the commercial standard, such as co-catalyst loading,28–31 doping,32–35 and dye
sensitization.1,36–39 Besides, sacrificial agent system and Z-scheme system have also been
tested for their contributions to photocatalytic performances. However, up to now, no
photocatalyst has been reported to have the efficiencies that are high enough to split
water for commercial use.
The difficulties of finding the efficient photocatalysts are the strict requirements for the
band gap and the band positions of photocatalysts, the fast recombination rate of the
excited holes and electrons inside the bulk of semiconductor as well as the stability of
photocatalysts against photo-corrosion. Therefore, although overall water splitting is the
ultimate goal, it has been barely realized by now. Although there are a few photocatalysts
that are able to initiate whole water splitting, such as GaN:ZnO9 and Cu2O40, but their
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efficiencies are still too low for commercial application by far. Therein, more studies
should be proceeded to further investigate the mechanism and modification of
photocatalysts to improve the efficiency and stability of photocatalysts to larger extent.
This review will introduce the topic in following aspects, the basic principle of water
splitting and basic properties of photocatalysts, challenges of water splitting via
photocatalysts, sacrificial agent system as well as Z-scheme system in photocatalysis,
different modification methods that can be applied to improve the efficiencies of
photocatalysts which are co-catalyst loading, doping, nano-material hybridization and
dye sensitization, and the corresponding methodologies to achieve the above
modifications.

2.1 Basic principles of water splitting via semiconductor
2.1.1

Properties of semiconductors

Semiconductors are a type of materials that the electrical conductivity of which lie
between conductors.41 This property is special compared to metal and other materials.
Semiconductor in bulk size have conduction band and valence band and the energy level
difference between them is called band gap.42,43 The value of band gap reveals the
smallest energy required for electrons absorbed from light photons to be excited from
valence band to vacant conduction band while leaving holes in valence band as shown in
Fig. 1.42,44 The excited electrons and holes can then mobilize in the influence of external
electric field and can recombine with each other while emit energy in the form of heat or
photons. Because of the special structures of semiconductors, certain sort of
semiconductors particles can split water under light irradiation to produce hydrogen if
certain requirements can be satisfied which will be discussed in detail in the following
section.
Thermodynamically, water splitting reaction is an uphill reaction for its Gibbs energy
value is unfavorably positive (+237 kJ mol-1) which not only means that external energy
need to be provided but also implies the backward reaction could happen easily. To
initiate the water splitting reaction, the position of conduction band of semiconductor
need to be lower than the reduction potential of hydrogen evolution reaction (HER) that
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reduce H+ to H2 molecules while the position of valence band of semiconductor should be
higher than the oxidation potential of oxygen evolution reaction (OER) that oxidize H2O
to O2.45,46 In other words, the band gaps of the semiconductors should be larger than the
overpotential of the water splitting reaction which is 1.23 eV to achieve the water
splitting reaction.47 Moreover, considering the energy loss caused by entropy change and
kinetic loss of excited electrons and holes migration and recombination, the minimum
band gap energy of semiconductor need to be larger than the theoretical value of 1.23 eV
22

. Although the above requirement is not hard to meet for many semiconductors (Fig. 2),

such as TiO2, ZnO, and ZnS, only a few semiconductors can initiate water splitting
reaction in visible light section while most of them can only be activated under UV light
irradiation, such as NaTaO3,48 La2Ti2O7,49 and Sr2Nb2O.50 The reasons of the above
phenomenon will be discussed below.

Figure 2.１Principles of water splitting via semiconductors
Large band gap greatly hinders the utilization of solar energy because it requires more
energy to for semiconductors to be activated. As mentioned before, excited electrons
need to overcome the band gap (Eg) between conduction band and valence band to
complete the transition while leaving corresponding holes (h+) in valence band.
Therefore, the larger the band gap of semiconductor, the shorter the wavelength of light
can be utilized by electrons to complete the transition. However, UV light section (λ<400
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nm) only accounts for less than 5% of light energy while visible light section accounts for
46% of light energy, so large band gap will cause massive energy loss on light
absorption. The relation between band gap and light wavelength can be expressed by Eg
=1240/λ, (where Eg is the band gap and λ is the maximum wavelength of light that can be
absorbed) so based on this equation, to utilize the visible light (λ> 400 nm) energy, the
band gap of semiconductors cannot be larger than 3.1eV, and considering the loss of
energy transfer from incident light photons to the electrons of semiconductors, the band
gap must be smaller than the calculated value above.

Figure 2.２Band gap potential of semiconductors
Besides the strict requirements for the positions of conduction band and valence band as
well as value of band gap, the recombination rate of excited electrons and holes happens
really fast which also limits the application of photocatalysts. For example, the
recombination rate in bulk of TiO2 happens in order of nanosecond. The above
phenomenon can be attributed to the excited electron-hole recombination is in
competitive relation with happening of HER and OER determined by the procedure of
water splitting process. The procedure of overall water splitting process can be mainly
described in 4 steps: (i) semiconductors absorb light energy and excited electrons was
produced and transit from valence band to conduction band while leaving holes in
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valence band, (ii) the excited holes and electrons migrate to the surface of the
semiconductors, (iii) the excited holes and electrons recombine with each other inside the
bulk of semiconductors, (iv) the excited electrons and holes on the surface of
semiconductors react with H2O molecules to generate hydrogen and oxygen. The
recombination of excited electrons and holes is also called the backward reaction because
it can be regarded as the reverse reaction of the production and separation of excited
electrons and holes. Therefore, if the recombination of excited holes and electrons
happens too fast inside the bulk of photocatalysts, they won’t have time to move to the
surface of semiconductors to participate HER and OER, leading to the low efficiency of
photocatalysts. The competitive relation of step (ii) and (iii) makes the separation of
electrons crucial for the water splitting reaction. Therein, to increase the rate of water
splitting reaction, separation of electrons and holes need to be enhanced to hinder the
backward reaction while promoting water splitting reaction.
Stability of semiconductors is very important to photocatalysts for it closely relates with
crucial factors like wavelength response and photocatalytic activities. Metals are most
popular elements for semiconductors for their characteristics in electronic and optical
states. However, they usually have the tendency to go through photo-corrosion when they
are in exposure of aqueous solution and under light illumination. The occurrence of
photo-corrosion greatly decreases the stability of semiconductors for their anions are
easier to be oxidized than H2O molecules, such as CdS, ZnO and TaOH.22,51,52 The
mechanism of photo-corrosion of different semiconductors varies with their crystallinity
and their chemical composites but normally it related to defects of semiconductors. For
example, the mechanism of photo-corrosion of ZnO is mainly about the escaping of
oxygen atoms via reacting with trapped photo-induced holes along with

the fast

expulsion of Zn2+ which mostly happens in structural defects on the surface of ZnO as
shown below.53–55
−
2−
𝑂𝑠𝑢𝑟𝑓𝑎𝑐𝑒
+ ℎ+ = 𝑂𝑠𝑢𝑟𝑓𝑎𝑐𝑒
−
𝑂𝑠𝑢𝑟𝑓𝑎𝑐𝑒
+ 3𝑂2− + 3ℎ+ = 2(𝑂 − 𝑂2− )

(2.1)
(2.2)
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𝑂 − 𝑂2− + 2ℎ+ = 𝑂2

(2.3)

2+
2𝑍𝑛2+ → 2𝑍𝑛𝑎𝑞

(2.4)

Therefore, an energy barrier should be built to hinder the happening of photo-corrosion
such as coupling with stable semiconductors or noble metal, and doping metal elements
that have higher resistance to corrosion. Methods that can be applied to solve the above
problem will be discussed below.
Therefore, an energy barrier should be built in order to hinder the happening of photocorrosion such as coupling with stable semiconductors or noble metal, and doping metal
elements that have higher resistance to corrosion. Methods that can be applied to solve
the above problem will be discussed below.

2.1.2

Sacrificial reagent systems

As mentioned before, efficient excited electron-hole pairs separation is crucial for the
improvement of photocatalytic performances. The introduction of sacrificial agent system
(one photon system) can effectively address the above problem by conducting only half
of the water splitting reaction instead of the overall water splitting reaction. The principle
of sacrificial agents is to sacrifice themselves to react with one type of charge carrier (e /h+) so that the other type of charge carrier could have more opportunities to migrate to
the surface of the semiconductors and react with H2O to produce hydrogen or oxygen so
that the utilization of one type of charge carrier can be remarkably increased, as shown in
Fig. 4.56 Generally, sacrificial agents can be categorized in two types which are the
electron donors and electron acceptors. Electron donors, which called hole scavenger,
refer to the sacrificial agents that consume excited holes, leaving excited electrons to
participate HER. When OER is excluded, the value of ΔG can be dramatically decreased,
lowering the energy barrier. Typical examples of organic (hydrocarbon) hole scavengers
are triethanolamine (TEOA), ethylenediaminetetraacetic acid (EDTA), methanol, ethanol
and glycerol. The most representative inorganic hole scavenger is Na2S-Na2SO3 which
have been tested and proved to be capable of enhancing the photocatalytic activities and
stability.57 Among photocatalysts, SO32-/S2- is the most common used sacrificial agent for
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metal sulfides, especially for CdS, for it can effectively address the problem of photocorrosion which is common in metal-sulfide photocatalysts. The above phenomenon can
be attributed to the dissolving of photo-corrosion reaction product S to SO32-/S2- solution
which can remarkably decrease the deposition of S to CdS.47 Electron acceptors refer to
the sacrificial agents that react with excited electrons, leaving excited holes to participate
OER. Typical examples of electron acceptors are Fe3+,58 and Ce4+,58 which can be easily
reduced by photo-induced electrons to Fe2+, Ce3+.
To select the proper sacrificial agent, the redox potential of sacrificial agents should be
firstly considered. For hole scavenger, the oxidation potential of hole scavenger should be
lower than oxidation potential of OER which means hole scavenger is more readily
oxidized by photo-induced holes in valence band on the surface of semiconductors than
water molecules. It has been reported that the higher the redox potential, the faster hole
scavenging is, which can effectively enhance the quantum efficiency and stability.59
Melián et al.60 conducted a study of the effect of different organic sacrificial agents on
hydrogen production when Pt modified TiO2 was used as photocatalyst. The result
showed that the effectiveness of sacrificial agents decreasing in the sequence of methane >
ethanol > ethylene glycol > glycol. Nada et al.6 also tested the effect of different organic
sacrificial agents on hydrogen production, using modified TiO2 as photocatalyst and the
result of which showed that the ranking of them was following the sequence of EDTA >
methanol > ethanol > lactic acid.
Although photocatalysts that need sacrificial agent seems useless, they can still be used in
Z-scheme system and have great potential in biomass.61,62
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Figure 2.３Schematic of the principles of water reduction or oxidation in sacrificial
agent system

2.1.3

Z-scheme system

Z-scheme system is inspired by natural photosynthesis of green plants, which can also be
called electron mediator system. The principle of this system is to split overall water
splitting into two steps by using two different electron mediators which will return to
their original chemical states after reacting with excited electrons or holes as shown in
Fig. 5 .56 As explained before, splitting overall water splitting into HER and OER will
become thermodynamically favorable for the value of ΔG will decreases a lot and the
utilization of photons can be enhanced in this way. Therefore, semiconductors with
improper band gaps and band positions can still acts as photocatalysts in Z-scheme
system and therein Z-scheme system can enlarge the selecting range of semiconductors.
Moreover, the separation of HER and OER can lead to the effective separation of excited
electrons and holes and therein the backward reaction can be suppressed. The most
extensively used electron mediators are Fe3+/Fe2+,29 Ce4+/Ce3+,63 and IO3-/I-.64,65
The drawbacks of Z-scheme system compared to sacrificial agent system is the number
of photons needed to trigger the reaction is larger than that of one photon system since
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extra photons are needed for OER. Besides, Z-scheme system is relatively more
complicated so that the selectivity of chemical reactions that can occur during water
splitting reaction should also be considered.

Figure 2.４Schematic of the principles of overall water splitting in the Z-scheme
system56

2.2

Photocatalyst modification

As the requirements of semiconductors to split water are very strict, most semiconductors
cannot conduct overall water splitting without modification in high hydrogen generation
rate. Therefore, photocatalyst modification has drawn massive attention since the concept
of photocatalyst was first brought up. As mentioned before, there are mainly four steps in
the process of water splitting via semiconductors. Photocatalyst modification can
influence step (i) by narrowing the band gap of semiconductors (band engineering) to
enhance the absorption of light energy, separating electron-hole pairs to water splitting
reaction improvement (step (ii) and step (iii)), adjusting band positions of semiconductors
to fit the energy level required by water splitting reaction (step (iv)), and stabilizing
semiconductors to expand the lifetime of the semiconductors.
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2.2.1

Metal deposition

Transition metals are usually chosen to be co-catalysts for semiconductors because they
have multiple oxidation states and easily lose the electrons because transition metals have
these properties, they are often chosen as co-catalyst for semiconductors. Among them,
noble metals are most extensively used to be loaded onto semiconductors to enhance their
photocatalytic performances for the reason that Fermi energy level is low in noble metals
compared to semiconductors, so noble metals can act as strong magnets or trappers to
attract excited electrons from semiconductors to co-catalyst sites while leaving holes
inside the bulk of surface or migrating to the surface of the semiconductors, which is also
called Schotty barrier as a sort of junction that gives rise to charge separation as shown in
Fig. 2.3.56,66 Therefore, it can effectively separate excited electrons and holes so that the
recombination of excited electrons and holes can be hindered. When the backward
reaction is suppressed, water splitting reaction will be promoted. In other words, the
loading of co-catalysts can provide active reduction sites for water splitting reaction for
the overpotential of HER in noble metals is much smaller than that of semiconductors.
Noble metals, such as Pt,30,67–70 Au,71–76 and Ag,31,77–82 have been tested and proved to
have the abilities to improve the photocatalytic activities of semiconductors remarkably.
Especially Pt, based on the research carried out by Trasatti83 about the relation of
exchange current of HER on metal and the work function, the absorption heat of
hydrogen to Pt is about 16 kcal mol-1 which is lowest among all the metals, most
favorable for the occurrence of HER. The particle size, loading content and morphology
of loaded noble metal oxide can cause huge differences to their effect on the
photocatalytic activities of semiconductors with noble metal loading. Besides, it has been
reported that the loading of noble metal can also suppress photo-corrosion while
remarkably increase the stability of some semiconductors, such as Pt/ZnO,84 and
Pt/CdS.69
However, the overloading of metal compounds can result in the decrease of
photocatalytic activities because of the formation of recombination center, the decrease of
light absorption active sites area and the increase of light scattering. Therefore, finding
the optimal condition for metal loading is very important for its application.
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Figure 2.５Schematic of the energy band model of a Schottky junction (Ef
represents fermi energy level, Ec and Ev represent conduction band energy level and
valence band energy level)

2.2.2

Binary composites coupling

Metal oxides, metal sulfides, metal nitrides, metal oxynitrides and metal oxysulfides have
been coupled with different semiconductors and increase the photocatalytic activities of
semiconductors. WO3 is a typical example of binary composites in metal oxides. WO3
itself is a type of semiconductor but it doesn’t have photocatalytic activities for water
splitting, the reason of which can mainly be concluded as the CB position of WO3 is
lower than the oxygen reduction potential of OER. However, if couple WO3 with other
semiconductor like TiO2, the hydrogen generation rate can be increased greatly. The
principle of the above phenomenon is that adequate amount of WO3 coupling increases
the surface area of the photocatalyst and the formation of chemical bond of W-O-Ti can
effective separate the excited electron-hole pairs to reduce the backward reaction as the
positions of their valence band and conduction band helps the excited electrons to
migrate from TiO2 to WO3.85–87
CdS is a representative example in metal sulfides and has been coupled to
semiconductors like ZnO, TiO2 to enhance the water spitting activities. Metal sulfides
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like CdS (2.4 eV) usually have narrow band gap which is in favor of light absorption and
can act as photosensitizers. Therefore, coupling CdS to semiconductors can assist light
energy harvesting and excited electrons and holes production. Increased surface to
volume ratio via CdS coupling can also provide more active sites for photocatalytic
reaction as well as promote vectorial transfer from host photocatalyst to CdS, favorable to
electron-hole separation. Although CdS is unstable when independently used as
photocatalyst, coupling CdS to photocatalysts with high stability like TiO2,88 SnO289 can
greatly improve the stability of the coupling semiconductor.16 It has been tested and
proved that CdS/TiO2 can be used for both wastewater treatment and hydrogen
generation. Moreover, CdS/TiO2 can produce hydrogen in visible light irradiation for the
maximum wavelength of photons absorbed is 520 nm.88 The coupling of CdS and TiO2
has higher hydrogen generation rate than both TiO2 and CdS when used separately.
Beside the reasons that mentioned above, the prominent photocatalytic performances
shown by CdS/TiO2 can be explained by the relative positions of conduction band and
valence band, which can be categorized as one type of heterojunction as shown in Fig
2.4. In this situation, the valence band of semiconductor 1 (TiO2) is higher than the
coupling semiconductor 2 (CdS) so that excited electrons can migrate from
semiconductor 2 to 1 driven by potential difference while photo-induced holes can
migrate from semiconductor 1 to 2 through heterojunctions. The principles of the above
type of heterojunctions can remarkably enhance the separation between two types of
carriers. Besides the above materials, CdSe,4 SiO2,90 Al2O3,91 ZrO2,92 SnO2,93 and CuO94
have also been proved to have the ability to improve the photocatalytic performances of
semiconductors.
Oxynitride and oxysulfides with metal cations in d0 and d10 electronic configuration have
been tested and proved to have the capability to split water under light illumination.
Among oxynitride with d0 electronic configuration, TaON have the highest apparent
quantum yield and has been reported to be photoresponsive for overall water splitting
under visible light illumination after loaded with metal or binary composites, such as Pt
or Ta3N5.95,96 For the type of photocatalysts of d10 electronic configuration, it was first
reported by Sato et al.97 in 2005 that Ga3N4 coupled with RuO2 can be photoresponsive in
UV light illumination for water splitting because the band gap of β-Ga3N4 is as large as
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3.8 eV. Domen et al. also reported in 2005 that solid solution of gallium and zinc
nitrogen oxide, which can be expressed as (Ga1−xZnx)(N1−xOx), modified with RuO2 and
Cr2O3 can split water under visible light irradiation.98 Compared to d10 electronic
configuration, d0 electronic configuration has wider spectra absorption, leading to higher
light utilization.99,100 Most of oxynitride with d0 electronic configuration have absorption
bands at 500 – 750 nm, so they are usually active under visible light irradiation for water
splitting with presence of sacrificial agents.

Figure 2.６One typical type of heterojunction structure of semiconductors
In conclusion, the binary composites coupling can increase the photocatalytic
performances of semiconductors by increasing specific surface, reducing electron-hole
recombination and enhancing the light absorption. However, optimal point of coupling
should be investigated in each case for overloading can also result in decreasing of
photocatalytic activities for the formation of recombination center.

2.2.3

Doping

Doping can be seen as defect engineering.22 Like materials choosing of co-catalyst,
transition metal and noble metal ions (cation ions) are often used for metal doping, such
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as Fe,8 Sb,101 Mn,102 and Cr.103 Although these two methods share the similar range of
materials that can be chosen, their principles are totally different from each other. Unlike
co-catalyst loading, doping is to introduce defects to semiconductor which aims to trap
excited electrons and holes and therein to effectively separate the excited electrons and
holes and inhibit backward reaction. Doping can make two major changes to
semiconductors: (i) adjusting the positions of energy levels of transition metals that used
for doping locate between the band gaps of semiconductors, creating intermediate states
in between and can be called defect states. Therefore, the shortening of distance from the
positions of valence band (at the bottom) to defect states (at the middle) and from defect
states (at the middle) to conduction band (at the top) makes the transition of excited
electrons or holes easier to occur under longer wavelength of light, (ii) directly shifting
the positions of conduction band and valence band to narrow down the band gap of
semiconductors.22 For example, Pt doped TiO2 is promisingly active under visible light
irradiation which can be attributed to the existence of Pt redox energy via Pt ion doping
that shortens the band gap of semiconductor so that the efficiency of solar energy
utilization is improved.104
Besides transitional metal, nonmetallic material (anion ions) have also been studied as
dopants, such as Carbon,105 sulfur,106 and boron.107 However, although it has been
reported by some studies that it can increase the photocatalytic activities of certain
semiconductors, compared to metal ion doping, nonmetallic ion doping is more
controversial because some contradictory cases have been reported. The above
phenomenon may be ascribed to the formation of recombination center for vacancies
caused by the introduction of dopants, resulting in the destruction of crystallinity.
Co-doping with hetero-ions has synergistic effect on photocatalytic performances of
semiconductors. Metal-metal doping (Zn2+/Fe3+,108 Sb/Cr),109 nonmetal-nonmetal doping
(Br/Cl,110 N/S)111 and metal-nonmetal doping (La3+/N,112 Fe3+/N,113 graphene/Fe3+)114
have all been investigated on their effect to photocatalytic activities. In principle, codoping can deepen the doping length and content. Therefore, the dispersion and
uniformity of distribution could be improved. However, the studies of co-doping on
different substrate showed contradictory results. For example, although it has been
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proved that co-doping can enhance the degradation of methyl blue (MB), 115 there is no
study shows the improvement of degradation of phenol via co-doping of TiO2 compared
to single doping so far. Therefore, the effect of co-doping may vary according to the
substrate and model molecules that are used.
Therefore, more studies should be conducted to investigate the reaction mechanism of
nonmetallic material doped semiconductors.

2.2.4

Carbon nano-material hybridization

Carbon Nano-material such as carbon nanotube,116,117 graphene,118 C60 (water soluble),53
and C3N4119 has been investigated for their potential to increase photocatalytic activities
of semiconductors remarkably. The above phenomenon can be ascribed to physical and
photo-chemical properties of carbon-nanomaterials. This kind of materials have large
specific surface area and sufficient π-bond with surface electric charge. For example,
carbon nanotube hybridization, especially multi-walled carbon nanotubes (MWCNT)
hybridization has been proved to be effective to increase specific area, electron-hole
separation and enhance light absorption of photocatalysts such as ZnO, TiO2 and Pt. The
introduction of MWCNT with oxygen-containing groups, such as hydroxyl, carbonyl,
and carboxylic functionalities, to the system helps to promote electronic transfer at long
wavelength light irradiation, improving production of excited electrons and holes.
Moreover, the relative band edge positions of MWCNT of host photocatalysts allows
excited electrons to transfer from semiconductors to conducting network of carbon
nanotube, inhibiting recombination of electrons and hole. The large specific area of
carbon-nanotube can assist semiconductors to absorb degradation model or dyes to
enhance the photocatalytic performances of semiconductors. Moreover, it was reported
that C60 can remarkably inhibit the photo-corrosion of ZnO for vacancies that can react
with excited holes, resulting in oxygen escape will act as anchoring site for C60 so that the
unsaturated bond of oxygen atoms won’t be easily triggered and therein photo-corrosion
can be hindered by this way.53 The main limitations of using carbon nano-material lie in
the solubility and difficulties of manipulation in solvent. Therefore, more studies need to
be carried out to investigate the mechanism further.
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2.2.5

Dye-sensitized of photocatalysts

As mentioned before, most of semiconductors cannot be photoresponsive under visible
light irradiation for improper band gaps, such as WO3, TiO2 and ZnO. Dye-sensitization
is one of the most effective and simple method to widen the responsive spectra range
while also increases the efficiency of the excitation process. Up to now, organic dyes
(metal-free dyes), and metal complexes are the two main kinds of dyes that are most
extensively used and studied in the field of photocatalysis. Metal-free dyes, such as Eosin
Y,38,120–122 Rhodamine-B (RhB),123–125 cyanine,126,127 and riboflavin,128–130 have
prominent photochemical properties like large molar absorption coefficient and high
quantum yield.126,131 Moreover, metal-free dyes, because of their hydrocarbon composites,
are easy to design and prepare according to different requirements.
Coordination metal complexes, such as ruthenium-based catalysts,116,132–134 and
porphyrin-based catalysts,135–138 have advantages of regenerative sensitization, widened
spectrum responsive area and enhanced photocatalytic performances, which have drawn
massive attention in related field. The main drawback of metal complexes sensitization is
the difficulties of stable dye anchoring caused by large molecule size. The anchoring of
dyes is dependent on the crystallinity of the host catalysts which means the natural
properties of different photocatalysts and synthesis methods can both play important roles
in dye anchoring process.
Mechanism of dye sensitization can be briefly expressed by following equations:
Dye + ℎ𝑣 → Dye∗

(6)

Dye∗ + A → Dye+ + A−

(7)

The first step of dye sensitization is the excitation of dye molecules as shown in eq. (6).
During this step, electrons transit from the highest occupied molecular orbital (HOMO)
to the lowest occupied molecular orbital (LUMO) of the dye molecules that have
absorbed onto the surface of semiconductors.139 Although some dyes have the capability
to emit electrons without the presence of semiconductors, absence of electron/hole
separator (semiconductors) greatly prohibits the happening of HER or OER. The
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following step is the electron injection from LUMO of dye molecules to the conduction
band of semiconductors, which happens in order of femtosecond depending on the nature
of dyes while recombination reaction happens in order of nanoseconds to miliseconds
inside the bulk of semiconductors.36,140,141 One example was shown in Fig 2.7 about the
schematic diagram of possible reaction routes of dye-sensitized TiO2.142 Serpone et al.143
have reported that most of the photo-induced electron-hole recombination reactions
happen in ~10 ns. Fast electron injection and slow backward reaction can efficiently
separate electrons and holes, leading to blockage of the recombination reaction. The
excited electrons then quickly move to the surface of semiconductors which enables
electrons to produce hydrogen or degrade pollutants. Moreover, when semiconductors are
modified with metals, such as Pt and Au, dye molecules can attach themselves to metal
loaded sites with a much stronger chemical bond than that of between dyes and
semiconductors, developing an energy band between the band gap to greatly enhance the
photocatalytic performances.38 Although instability of dye molecules will largely
decrease the photocatalytic activities of the system along with the ongoing of
photocatalytic reactions, the existence of sacrificial agents, such as Fe3+/Fe2+ and EDTA,
can effectively address the above problem because sacrificial agents, as electron donors,
can give electrons back to excited dye molecules to regenerate dye molecules, prolonging
the lifetime of dye molecules.
The sensitization of photocatalysts by organic dyes and metal complexes has been
applied to different aspects, which are visible-light-induced photo-degradation of various
contaminants, dye-sensitized solar cells (DSSC), and the photocatalytic hydrogen
generation under visible light irradiation. Based on studies, the photocatalytic activities
and efficiencies of sensitized photocatalysts applied to different fields have all been
tested and proved to be improved via low cost and convenient fabrication methods.
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Figure 2.７Schematic diagram of dye-sensitized photocatalysts under light
illumination142 and possible backward reaction pathway (dotted line)

2.3
2.3.1

Methods of photocatalyst modification
Photo-deposition

Photo-deposition method is to deposit metal or metal oxide nanoparticles on the surface
of semiconductors by utilizing the solar light illumination in an aqueous phase with
presence of metal precursors and usually with presence of sacrificial agents. 144 Photodeposition was first successfully conducted in 1965 for the deposition of Ag to TiO2 in
slurry of AgNO3 and TiO2.145 The first successful deposition of Pt to TiO2 was in 1978
and since then this method has drawn huge attention in photocatalysis and have been
applied to the modification of a vast range of semiconductors, such as TiO2,144,146–149
ZnO,79,84,144,150–152 WO3,71,86,144,153,154 CdS,17,144,155,156 and SrTiO3.29,157–160 The successful
loading of metals to semiconductors via photo-deposition depends on the happening of
reductive reaction of metal ions (aqueous phase) to metal (solid phase) while the loading
of metal oxides depends on the occurrence of oxidative reaction of metal ions (aqueous
phase) to metal oxides (solid phase).
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To make photo-deposition happen, there are three main premises that need to be satisfied.
First, the positions of conduction band of host semiconductors must be higher (more
negative) than the redox potential of metal salt in aqueous phase as precursor. Second, the
energy of photo-induced photons emitted by solar light must exceed the band gap of the
host semiconductor so that positively charged metal ions can combine with excited
electrons or holes produced by the host semiconductors via light irradiation. Third,
efficient excited hole-electron pair’s separation and active reactive sites are necessary for
the happening of deposition. Sacrificial agents and PH value can dramatically enhance
the rate of deposition as well as change the morphology of semiconductors as reported by
Liu et al..152
Compared with other methods, photo-deposition is a simple and efficient in situ way to
form co-catalyst on the surface of semiconductors for there is no need for temperature
control or external potential to be added to the system. A study conducted by Behnajady
et al.161 has investigated the difference of photocatalytic activities of Ag/TiO2 prepared
by photo-deposition and impregnation. The result showed that Ag/TiO 2 prepared by
photo-deposition has higher photocatalytic activities with lower Ag loading content on
degrading C.I. Acid Red 88 (AR88) compared to Ag/TiO2 prepared by impregnation.161
The above phenomenon can be explained by the smaller loaded metallic particles formed
by photo-deposition enhancing dispersion. Therefore, photo-deposition is a very
extensively used method in photocatalysis.

2.3.2

Impregnation

Impregnation is another widely used approach for photocatalyst loading. As photodeposition, impregnation also need precursors in aqueous solution in which
semiconductor will be impregnated followed by solvent evaporation or filtering and
drying. The solid will then be further calcined to reach its active form. Huge amount of
studies about modification of semiconductors via impregnation have proved that it is a
simple and effective approach to modify various semiconductors, especially for
doping.162–165 The concentration of precursor and calcination temperature both have
strong effect on the particle size, morphology and photocatalytic activities of the final
photocatalysts. According to the studies on effect of different calcination temperature,
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high calcination temperature will tend to reduce the photocatalytic activities of
photocatalysts for two main reasons: (i) the transformation of crystallinity, such as TiO2
can change from anatase to rutile in high temperature, (ii) decrease of dispersion of
loading element for high calcination temperature can lead to the formation of bulky
metallic particles, (iii) oxidative state changes of loading or doping element for the
valence value change of loading element can change the chemical bond formation.161,166
It has been reported by Kohtani et al.167 that Ag/ BiVO4 prepared by impregnation with
lower Ag loading had higher degradation rate on phenol compared with Ag/BiVO4
prepared by photo-deposition, and the reason of which could be attributed to the
formation of silver oxides (Ag2O and/or AgO) in the process of impregnation for the fact
that phenol had the tendency to be absorbed easier onto the surface of silver oxides.
However, in the photo-deposition process no oxidized silver could be detected.
Therefore, in certain conditions, impregnation presents more advantages than other
alternative

2.3.3

Chemical reduction

The above two methods are simple to conduct but when it is necessary to precisely
control the ratio of certain elements, chemical reduction is a more effective way to
prepare photocatalysts considering the precise synthesis realization. As reported by Wang
et al.,168 TaON can be coupled with Ta3N5 via in situ chemical reduction method. In this
method, TaCl5 was dissolved in bromoethane as precursor and then was mixed with
TaON followed by consistent stirring to recover it in the form of powder. The reactor was
maintained at -45 oC with condensed ammonia gas in the form of sodium solution which
was followed by the above powder adding. Byproduct was removed by condensed
ammonia and then the mixture was heated at 800 oC to crystallize it under nitrogen
atmosphere.
Another example was the synthesis of Ta particles by using TaCl5, sodium and liquid
ammonia. TaCl5 and sodium were separately dissolved in liquid ammonia in two
chambers and then mixed together for the reduction reaction to occur. The byproduct is
NaCl and can be removed from the system by liquid ammonia followed by the final
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product filtering. Similarly, Nb3Al can be prepared by AlCl3 and NbCl5 reacting with
sodium-ammonia following the above procedure.169

2.3.4

Electrodeposition

Electrodeposition method is an attractive method to prepare photocatalysts for low cost,
moderate operating temperature, and easily controlled thickness of films. The
photocatalytic performances of a vast range of semiconductors have been reported to
increase by modification via electrodeposition, such as CuO,170 TiO2,5,171,172 ZnO,173 and
Fe2O3.174 For example, Ag/TiO2 has been reported to be synthesized by electrodeposition
method.175 The starting step of this method is coating TiO2 with a Si substrate followed
by drying at 100 oC. Electrodeposition was conducted in a three-electrode cell with
Ag/AgCl as reference electrode and Pt as counter electrodes with an electrolyte solution
mixed by Ag (II) perchlorate hydrate and NaClO4 by amperometry. Another example is
the preparation of

CuO/ZnO nanocomposite film.173 Electrodeposition process was

conducted at the current density of 3 mA cm-2 for 15 min on a pre-treated substrate
coated by indium tin oxide (ITO) in the bath mixed by Zn(NO3)2 and Cu(CHCOO)2
solution, and the concentration of which was determined by the ratio of Cu/Zn. The
temperature of the above procedure was maintained at 65 oC.

2.3.5

Atomic-layer deposition

ALD is a layer-by-layer thin film growth technology which uses self-limiting surface
reaction steps in the presence of precursors.176 ALD method has advantages of
controlling the thickness at atomic level and composition precisely, moderate reaction
temperature, and realizing uniform growth with high specific surface area, especially on
loading ultrathin or conformal films.24,177 Therefore, this method has attracted massive
attention and has been applied to many metal-oxide semiconductors, such as TiO2,177,178
Al2O3,179 and ZnO.180 Zhou et al.177 has conducted a study which showed massive
increase on photocatalytic performances of TiO2 by loading Pt via ALD. In the above
study, a fluidized bed reactor (FBR) was chosen as the reactor for the reaction.
MeCpPtMe3 was chosen as solid precursor at the fixed temperature of 80 oC which was
carried by nitrogen gas to enter the reactor followed by O2 feeding. 0.2g substrate TiO2
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was loaded in FBR and MeCpPtMe3 and O2 were fed into the reactor with flow velocity
of 0.8 cm/s and the temperature of reaction ranged from 150 oC to 400 oC. Different Pt
loading was altered by changing the ALD super cycle ratio.
Liu et al.181 conducted a study on the effect of Pt loading on different carbon substrate via
ALD. Similarly, in this study, MeCpPtMe3 and O2 were used as precursors which were
carried by pure nitrogen gas, and were purged into the reactor loaded with different
substrates with uniform growth temperature of 250 oC. The result showed that Pt
deposition on semiconductors via ALD has high dispersion and controllable particle sizes
which provides effective solution to conventional problems of photocatalyst synthesis.

2.4

Conclusions

In this review the principles and challenges of hydrogen generation via photocatalysts
were discussed. Light energy loss caused by strict requirements for semiconductors and
fast recombination rate of e-/h+ are two main challenges. Modification methods like dye
sensitization, cocatalyst, doping and binary composites coupling can be used to deal with
the above problems.
Different synthesis methods were also summarized and discussed. Synthesis method
should be chosen according to the different needs of photocatalysts. Among them,
photodeposition and impregnation are two of the most extensively methods for
photocatalyst modification.
Although a huge amount of papers has been published, there are still some topics need to
be explored. For example, most research has been focusing on potential of modified TiO2
for hydrogen generation while not enough work has been done to investigate the
possibilities of ZnO as host photocatalyst to generate hydrogen. Compared with TiO2,
ZnO has much higher carrier mobility which is important factor that contributes to the
efficiency of hydrogen production. Therefore, this thesis aims to explore the potential of
modified ZnO as photocatalysts to generate hydrogen.
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Chapter 3

3

Hydrogen Generation from Eosin Y-sensitized Pt/ZnO
under Solar Light Irradiation

3.1 Introduction
The upcoming depletion of fossil fuel and the increasing frequency of disasters caused by
global warming and climate change make finding a new, clean and renewable energy
essential for human society.1,2 Hydrogen, is a promising future energy carrier for it is
clean, efficient and abundant on Earth (in combination form).3 The current most
extensively used technique for hydrogen production is steam reforming of methane.4
Although compared to other existing techniques, such as partial oxidation and
autothermal reforming, steam reforming has advantages of low reacting temperature and
best H2/CO ratio for hydrogen production, it has the highest air emission which is
harmful to the environment.5,6
Hydrogen is vastly distributed and abundant element on Earth but it always in
combination with other elements. Water occupies for more than seventy percent of the
Earth area composed of hydrogen and oxygen element. Therefore, if hydrogen could be
separated from water with efficiency that high enough for commercial use, the energy
crisis of our era could be greatly relieved.
In 1972, TiO2 was first studied as photocatalyst to produce hydrogen by A. Fujishima and
K. Honda.7 The band gap of TiO2 is 3.2 eV which is too large for it to be activated under
visible light irradiation and can only be triggered under wavelength shorter than 387 nm
(UV light section).8,9 However, visible light accounts for 46% of the solar energy while
ultra-violet (UV) only accounts for 4% of the solar energy.10 Therein, massive waste of
solar energy can be caused for the reasons above. Since then, photocatalytic activity of
numerous materials for hydrogen generation have been tested, such as Fe2O3-based
photocatalyst11, WO3-based photocatalyst12, and C3N4-based photocatalyst13, but few
materials have the capacity to split water under visible light irradiation with high
efficiency.
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Water splitting is a difficult process because it is an uphill reaction, as shown in eq. (3.1).
1

H2 O → H2 + 2 O2

ΔG = +237.2 KJ/mol

(3.1)

The successful initiation of water splitting reaction requires the band gap of
photocatalysts to be larger than 1.23eV14. The wavelength of visible light is longer than
415 nm, so the band gap of photocatalyst should be narrower than 3.0 eV.15 . The relation
between wavelength and band gap was shown in eq. (3.2). In the ideal situation, the
position of conduction band of semiconductor need to be higher than the reduction
potential of hydrogen evolution reaction (HER) that reduce H+ to H2 molecules while the
position of valence band of semiconductor should be lower than the oxidation potential of
oxygen evolution reaction (OER) that oxidize H2O to O2.16–19 The strict requirements for
band gap and band positions of photocatalysts have greatly hindered their application.
Band gap (eV) = 1240/λ (nm)

(3.2)

According to literature, recombination of e-/h+ can happen in microseconds to
miliseconds20. Fast recombination of electrons and holes inside the bulk of catalyst is also
one of the main factors that limit the efficiency of photocatalyst.
Dyes can act as photosensitizers which could absorb visible slight so that photocatalysts
with inappropriate band gap or band position could be reactive under solar light
irradiation. Therefore, light energy utilization can be greatly enlarged. Organic dyes, such
as erythrosin B,21,22 eosin Y23–25 and cyanines,9,26,27 have been proved to be efficient in
improving sunlight harvesting, low toxicity and prominent photo-physical properties.
Besides, dye molecules can transit to excited states fast to produce excited electrons
followed by fast injection to the conduction band of semiconductors which happen in
femtoseconds. Therefore, effectively separate excited electrons can be achieved for the
fast electron injection and relatively slow recombination (backward) reaction. Sacrificial
reagent TEOA was applied in the system to prolong the lifetime of the dye molecules.
Many investigations have been invested on sacrificial donors, and triethanolamine
(TEOA),28,29 ethanol30 and methanol31–33 are extensively used as sacrificial reagents in
this field.34
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Cocatalyst is an important method of band gap engineering, for the contact between the
metal and the semiconductor creates an electric field that separates excited electrons and
holes more easily 35. Platinum, which was commonly used as cocatalyst, can dramatically
increase photocatalytic activity of semiconductors because it can provide reductive sites
for hydrogen generation reaction to occur as well as attract electrons to migrate to Pt sites
with its low fermi energy level to effectively enhance e-/h+ separation.
In this study, ZnO was chosen as host catalyst for it has higher carrier mobility compared
with TiO2. We aim to investigate the activity of Eosin Y-sensitized Pt/ZnO under both
visible light (λ>415 nm) and solar light irradiation in different conditions. Platinum was
loaded onto zinc oxide via photodeposition method. (i) PH value, (ii) platinum loading
content, (iii) Eosin Y concentration, (iv) TEOA concentration, (v) solar light and visible
light density, (vi) photocatalyst loading are the six factors that were investigated on their
effect to hydrogen production. Possible mechanism was discussed in this paper. This
study could shed some light on optimization of photocatalyst study and realization of
large-scale fuel production.

3.2
3.2.1

Experimental Section
Chemicals

Zinc Oxide (99.7+% pure) was purchased from Inframat Advanced Materials and was
used as photocatalyst. Eosin Y dye (99.0% pure) was purchased from Sigma–Aldrich
Canada Ltd and was used as the photosensitizer. Triethanolamine (98.0% pure), procured
from Sigma–Aldrich Canada Ltd was used as sacrificial electron donor. Hydrogen
hexachloroplatinate (IV) solution (8 wt%, Sigma–Aldrich Canada Ltd) was used as
precursor in the process of photo-deposition to load platinum onto zinc oxide. All
chemicals were of analytical grade and were used without any further treatment.

3.2.2

Preparation of Pt/ZnO

Platinum loaded zinc oxide was prepared by photo-deposition method.36 Typically, zinc
oxide powder was added into the solution of ethanol and water with the volume ratio of
10: 90, where ethanol acted as electron donor to assist the photo-reduction of
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hexachloroplatinate (IV) to Pt. Hexachloroplatinate (IV) solution (8 wt%) was then added
to the suspension with the amount calculated by nominal loading. The suspension was
kept under the irradiation of solar light in power of 100 mW cm-2 (1 sun) for 3h with
consistent stirring. After filtering and washing, particles were collected and dried at
150°C in the oven for 150 min and then milled in a mortar to obtain the final model
photocatalyst, Pt/ZnO with different nominal platinum loadings (0.25w%-1.5w%). As
photo-deposition went on, the color of photocatalyst gradually changed from white to
grey because of the loading of platinum.

3.2.3

Photocatalytic characterization

XRD was used to characterize and analyze the phase composition and the degree of
crystallinity of Pt/ZnO. Rigaku−MiniFlex II powder diffractometer at 40 kV and 40 mA
with Cu Kα irradiation was used to collect data. The spectra was recorded in scanning
speed of 2.00°/min and step width of 0.020° over the 2θ range of 20 to 80° (where λ for
Kα= 1.54059Ǻ, θ= Bragg angle). Diffuse reflectance spectra (DRS) was conducted by
UV-3600 SHIMADZU equipped with a Praying Mantis to analyses the ability of
photocatalyst to absorb light with various wavelength. Scanning electron microscope
(SEM) with energy dispersive X-ray (EDX) analysis was performed to study the
morphology of photocatalyst as well as to identify the elements contained in the
photocatalyst. Brunauer−Emmett−Teller (BET) specific surface area of Pt/ZnO was
measured by Micromeritics ASAP 2010 instrument via N2 adsorption method.

3.2.4

Photocatalytic experiment

A gas-tight Pyrex glass (530 mL) batch reactor was used for photocatalysis experiments.
The reactor was 55 mm in diameter and 63 mm in height. It has a transparent flat window
at the top to allow solar light to illuminate the reactant mixture. A solar simulator (model
SS1KW, Sciencetech) equipped with a 1000 W Xe arc lamp, was used as the light source.
It contains a 420 nm cut-off filter (Omega optical, USA), to remove UV light from the
entire solar spectrum, and a 1.5G AM filter. The maximum power of simulated solar light
that can be reached is 100 mW cm-2 which resembles 1 sun light intensity at sea level.
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100 mg of prepared Pt/ZnO photocatalyst was suspended in 100 mL solution of TEOA
and Eosin Y (1:10 volume%). Here TEOA acts as the sacrificial agent and EosinY as the
photosensitizer. The pH is then adjusted using 1:1 HCl and 1:1 NaOH (volume ratio) and
sonicated for 10 min in an ultrasonic bath. Ultra-pure nitrogen was purged into the
system for 40 min to get rid of any air inside the reactor and suspension. The reactor was
put at the center of irradiation area of the light with consistent vigorous stirring. To
ensure the gas tightness of the system, a silicone rubber septum was used to seal the
reactor while allowed sampling to be done by microsyringe (1 mL) every 30 min. The
sample was then injected into the sample port of GC (Shimazu 2014, HeyeSep D packed
column: 10 m length, 2 mm ID, 2mm film thickness and thermal conductivity
detector(TCD)) to be analyzed and N2 was used as carrier gas.37

3.3
3.3.1

Results and discussion
Characterization of Pt/ZnO

The XRD pattern shown in Fig. 3.2 and Fig 3.3 were used to demonstrate difference
between the crystallinity and phase before and after and loading of platinum. The peaks
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Figure 3.１XRD of 0.75 w% Pt/ZnO

Figure 3.２XRD of pure ZnO
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at 2θ= 31.680, 34.340, 36.180, 47.480, 56.540, 62.780。 are observed and the calculated
d-value agree with standard data of zinc acetate (JCPDS, 36-1451) which revealed the
high crystallinity of the sample. The comparison between ZnO and Pt/ZnO showed
almost no obvious difference which means that the loading of platinum didn’t
significantly alter the crystallinity and phase of the photocatalyst.
The DRS spectra shown in fig. aims to investigate the absorption wavelength and band
gap of the Pt/ZnO and pure ZnO. From the Fig. 3.4, it can be said, that the maximum
wavelength of light needed for ZnO to excite is around 376 nm which is consistent with
the calculated result of wavelength from eq. (3), as the band gap of ZnO being 3.3 eV.
After loading platinum, the band gap of photocatalyst didn’t change much. However, it
could still be observed that a small red shift has occurred due to platinum loading.
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Figure 3.４SEM of 0.75 w% Pt/ZnO
The morphology of the photocatalysts were analyzed by SEM followed by EDX to
determine the weight percentages of elemental composition. The SEM results are shown
in fig. 3.5. From SEM analysis, the difference between the morphology of ZnO and
Pt/ZnO seems not significant. In both cases, particles are uniformly distributed, and no
agglomerates could be observed by SEM. No obvious morphology changes were
observed. However, it has been reported before that the increased loading of platinum
will increase the appearance of regular microspheres.38 The EDX analysis confirmed the
presence of Pt in the prepared photocatalyst as shown in Fig. 3.6. As expected, it contains
large amount of Zn and O, along with a small amount of Pt and carbon.
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Figure 3.５EDX of ZnO and 0.75 w% Pt/ZnO
BET specific surface area were measured before and after Pt loading which were 2.9895
m2/g and 3.8681 m2/g. The result shows that the loading of Pt didn’t significantly enlarge
the specific surface area.
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3.3.2

Possible mechanism of hydrogen generation from Pt/ZnO

Considering the band gap of ZnO to be 3.3 eV, the maximum wavelength of light to
activate ZnO is calculated to be 376 nm. The band gap of the photocatalyst shows no
significant change after loading of platinum on ZnO. Therefore, visible light cannot
activate Pt/ZnO in absence of EY. EY can absorb long wavelength light and inject
electrons into photocatalyst. Firstly, dye molecules transit to excited states by absorbing
photons from light illumination as shown in eq. (5).39 During this step, electrons transit
from the highest occupied molecular orbital (HOMO) to the lowest occupied molecular
orbital (LUMO) of the dye molecules that absorbed onto the surface of semiconductors.
Dye molecules in excites states can generate excited electrons as shown in eq. (6).39 The
excited electrons can then migrate to the conduction band of host photocatalysts to
participate HER. In our case, the fermi energy level of Pt as co-catalyst is relatively low
so the excited electrons will transfer to the Pt sites of photocatalyst instead as shown in
eq. (7-9).
ℎ𝑣

Dye → Dye∗

(5)

Dye∗ → Dye+ + e−

(6)

Moreover, electron-hole recombination happens in nanoseconds to microseconds while
electron injection from dye molecules to photocatalysts happens in femtoseconds.40 The
fast injection rate can hinder the electron-hole recombination which further improve the
excited electrons and holes separation and promote HER.41
Considering EY can be activated by light with maximum wavelength of 535nm,42 the
scheme of mechanism can be divided into two section, which is λ<535 nm (in visible
light section, eq. (7-10)) and λ<376 nm (in UV light section, eq. (11-16)).25
ℎ𝑣(𝜆<535 𝑛𝑚)

ZnO − (EY)𝑠 →

ZnO − (EY ∗ )𝑠

ℎ𝑣

ZnO − (EY ∗ )𝑠 → ZnO − (EY + + e− )𝑠
ZnO − (EY + + e− )𝑠 + Pt → ZnO − (EY + )𝑠 + Pt(e− )

(7)
(8)
(9)
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1

Pt(e− ) + H2 O → Pt + H2 + HO−
2

ℎ𝑣(𝜆<376 𝑛𝑚)

ZnO − (EY)𝑠 →

3.3.3

ZnO(h+ + e− ) − (EY)𝑠

(10)

(11)

ZnO(h+ ) + HO− → ZnO + HO·

(12)

ZnO(h+ ) + H2 O → ZnO + HO· + h+

(13)

ZnO − (EY + +e− )𝑠 + TEOA → ZnO − (EY + e− )𝑠 + TEOA +

(14)

TEOA + HO· → HCHO + NH3 + H2 O

(15)

HCHO + HO· →→ H2

(16)

Effect of platinum loadings on photocatalytic activity of ZnO

Several experiments are conducted to test the influence of platinum loading content on
photocatalytic activity of ZnO. In comparison to the photocatalytic activities of Pt/ZnO,
reference experiments were conducted using pure ZnO as photocatalysts in the same
conditions under both solar and visible light irradiation (10 v% TEOA, pH =7, 100
mW/cm2 light intensity, 50 mg EY). The result shows that ZnO without platinum loading
was not reactive under solar and visible light irradiation. However, in the same
experimental condition, Pt/ZnO was not only reactive under both solar and visible light
irradiation but also have relatively high photocatalytic activity in both cases. Different
loading content of Pt onto ZnO were studied here (0.25 wt%, 0.5 wt%, 0.75 wt%, 1.0
wt%, 1.25 wt% and 1.5 wt. The dependence of the amount of platinum loading to
hydrogen generation rate was shown in Fig. 3.7.
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Figure 3.６Dependence of Pt loading to hydrogen generation rate
As mentioned before, the easy occurring of recombination reaction driven by the large
negative value of Gibbs free energy in thermodynamic view is one of the main reasons of
the low hydrogen production rate. In this case, the increase of hydrogen generation rate
may be explained by hindering recombination of excited electrons and holes as well as
larger specific surface area confirmed by BET test. Loading of platinum onto ZnO offers
efficient reduction sites for HER because Fermi levels of platinum and the overpotential
for HER on a Pt co-catalyst is favorably low. Low Fermi energy level can attract excited
electrons to migrate to Pt sites which promotes excited electron-hole separation. Low
overpotential for HER allows the HER to become thermodynamically favorable.
Therefore, with the loading of Pt, electrons can be continuously pumped into reduction
sites to promote the occurring of HER. The decrease in the hydrogen generation rate may
be explained by ZnO crystallinity damaging and clusters forming on the surface of
photocatalyst caused by excessive loading of platinum which promote the forming of
charge recombination center and thereby speeding up the recombination rate.43 Loss of
light energy caused by increasing light scattering from platinum loading sites and
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decreasing light absorbing area may also be a factor for decreasing hydrogen generation
rate.44

3.3.4

Effect of solar and visible light intensity on hydrogen
generation rate

The hydrogen generation rate largely depends on the absorbance of solar light. Therefore,
theoretically, the increased solar light intensity will result in increasing hydrogen
generation rate which is consistent with the actual result we got, as shown in Fig. 3.
Keeping concentration of TEOA and EY, pH value fixed (10 v% TEOA, pH=7, 1.0 g l -1
catalyst loading, 50 mg EY) and the system was under the irradiation with light intensity
of 300 mW cm-2, 500 mW cm-2, 800 mW cm-2, and 1000 mW cm-2, and the hydrogen
generation rate was calculated respectively. The result shows although hydrogen
generation rate is higher under solar light irradiation in comparison to visible light
irradiation, but the difference is not significantly large.
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Figure 3.７Dependence of solar and visible light intensity to hydrogen generation
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3.3.5

Effect of initial pH on photocatalytic activity of Pt/ZnO

Hydrogen generation rate increased sharply with the increase of pH value from 5 to 7,
reaching maximum at pH =7 and started decreasing afterwards. The pH value can greatly
affect the hydrogen generation rate since the formation of hydroxyl radicals and H+
depends on the surface charge of semiconductor, which is ultimately governed by the pH
of the mixture of reactants. To study the effect of initial pH, the concentration of EY and
TEOA, catalyst loading and light intensity were all kept constant while only changing the
pH value of the system (10 v% TEOA, 1.0 g l-1 catalyst loading, 100 mW/cm2 light
intensity, 50 mg EY).
The surface of ZnO can be positively or negatively charged in different values of pH.
Based on the studies conducted before, the zero-point charge (zpc) for ZnO is at pH
9.0±0.3, which may be slightly altered by loading of platinum.45–47 Therefore, the surface
of ZnO is positively charged when pH is below 9.0 and negatively charged when pH is

H2 Generation Rate (µmol min-1)
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Figure 3.８Dependence of pH value to hydrogen generation rate
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The results obtained here can be explained by the acid-base properties of ZnO surface
and the role of TEOA in the process of photocatalytic reaction. Eosin Y is an acidic
dye.42,48 In acidic environment, Eosin Y exists as EY dianion, which means the electrointeraction between positively charged ZnO surface and EY anion is strong, resulting in
the stronger absorbance of EY dyes to the surface of ZnO. However, TEOA will be
protonated which would hinder its electron donating ability in low pH value.49 Moreover,
based on several studies, the possible mechanism of ZnO corrosion can be expressed by
eq. (11-14).50–52 Therefore, acid system condition could have negative effect on the
stability of ZnO as photocatalyst.
−
2−
𝑂𝑠𝑢𝑟𝑓𝑎𝑐𝑒
+ ℎ+ = 𝑂𝑠𝑢𝑟𝑓𝑎𝑐𝑒

(11)

−
𝑂𝑠𝑢𝑟𝑓𝑎𝑐𝑒
+ 3𝑂2− + 3ℎ+ = 2(𝑂 − 𝑂2− )

(12)

𝑂 − 𝑂2− + 2ℎ+ = 𝑂2

(13)

2+
2𝑍𝑛2+ → 2𝑍𝑛𝑎𝑞

(14)

On the other hand, at basic pH, HER becomes thermodynamically unfavorable because
the driving force of HER decreases. The electrostatic repulsion between negatively
charged surface of ZnO and EY dianion hinders the injection of excited electrons from
dyes to photocatalyst. Protons which play the essential role in the HER process will
decrease as protonation of co-catalyst gets difficult in high pH value. Besides, strong
basicity can have negative implication on the integrity of photocatalyst.29

3.3.6

Effect of initial TEOA concentration

TEOA was a type of commonly used hole scavenger for it has irreversible oxidation
potentials around 0.7 V vs. SCE.,29,22,53 making it thermodynamically favorable for hole
consuming. The effect of initial TEOA concentration on hydrogen generation rate has
been studied by varying the concentration of TEOA while keeping other parameters
constant, under both visible light and solar light irradiation. The result is shown in
Fig.3.11. The result shows that hydrogen generation rate increased with increasing TEOA

H2 Generation Rate (µmol/min)
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Figure 3.９Dependence of volume concentration of TEOA to hydrogen generation
concentration. The increase in rate was relatively large before TEOA concentration
reached 5 v% (0.379 mol l-1), after which hydrogen generation rate started to increase
slowly in both cases. The difference of hydrogen generation rate under solar and visible
light irradiation gets smaller with increment of TEOA concentration. TEOA plays an
important role in photocatalytic activities of Pt/ZnO for two main reasons. On one hand,
as mentioned before, it can react with excited holes to inhibit electron-hole recombination
reaction which helps to promote HER. On the other hand, it can provide electrons to EY
cation radicals to regenerate EY, improving the stability of the system.54
It has been reported that the most extensively used reaction kinetic model for
photocatalytic reactions is Langmuir-Hinshelwood kinetic model as shown below.55–57

r=−

𝑑𝐶𝐻2
𝑑𝑡

=

𝑘𝐾𝐶
1+𝐾𝐶

(15)

From the results, the dependence of hydrogen generation rate and TEOA concentration is
not linear and the increasing rate keeps decreasing along with the increasing of TEOA
concentration, and Langmuir-Hinshelwood kinetic model can fit well with the above two
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variables with Ksolar= 13.080 M-1, ksolar= 4.719 × 10-6 mol min-1 in solar light irradiation
and Kvisible= 5.491 M-1, kvisible= 5.738 × 10-6 mol min-1 in visible light irradiation
respectively as shown in fig. 3.11.

3.3.7

Effect of EY concentration

Hydrogen generation rate increased sharply before 1:10 weight ratio of EY to Pt/ZnO and
after that the increasing rate started to decrease. Therefore, EY concentration has a
positive influence on hydrogen generation rate. As mentioned before, EY dye can absorb
visible light and the electrons can transfer from the HOMO to the LUMO state,
generating excited electrons and cationic radicals which is followed by electron-injection
from dyes to Pt sites of the host photocatalyst.37 However, EY dye needs to be absorbed
on the photocatalyst surface to continue the above process.
The lower increasing rate of hydrogen generation can be attributed to dissociative EY dye
molecules. Dissociative EY dye cannot perform electrons injection from dye molecules to
Pt sites of the host photocatalysts. Moreover, it will absorb solar light which leads to light
energy loss, resulting in the decreasing of hydrogen generation rate. Initially, the amount
of EY dye that effectively got absorbed on photocatalyst increased with increasing EY
concentration. There have been several studies confirmed that along with the increasing
of EY dye concentration, gradual red shift phenomenon can be observed. It means the
absorption of longer wavelength light was observed.24,58 However, after the optimal
point, dissociative EY dyes started to increase, leading to increasingly severe light energy
loss.24
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Figure 3.１０Dependence of weight ratio of EY to Pt/ZnO to hydrogen generation
rate

3.3.8

Effect of photocatalyst loading

Concentration of photocatalyst Pt/ZnO is an important factor to hydrogen generation rate.
While keeping dye concentration, TEOA concentration, pH value and solar intensity
constant (10 v% TEOA, pH =7, 100 mW/cm2 light intensity, 50 mg EY) constant, a
series of experiments were conducted by varying the photocatalyst loading to investigate
the effect of catalyst concentration to hydrogen generation rate. Hydrogen generation rate
was found to increase linearly along with the increasing of catalyst concentration before
2.5 g/mol and then reached a plateau. The linear increasing pattern before 2.5 g/mol can
be explained by the proportional increase of accessible active catalyst surface area with
catalyst concentration. Therefore, the limiting factor of HER in this section can be
concluded to be light absorbance and catalyst concentration. Turbidity is one of the main
reasons that stops the continuous growth of hydrogen generation rate above the optimum
point. High turbidity will exacerbate light scattering which leads to light energy loss. 59
Besides, aggregation and agglomeration caused by high photocatalyst concentration also
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have negative effect on hydrogen generation rate for the loss of catalyst surface area.60
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Figure 3.１１Dependence of catalyst dosage to hydrogen generation rate

3.3.9

Regression analysis of experimental data

The regression analysis was applied to the experimental data by using Minitab software
to relate H2 generation rate as a response variable to a set of predictor variables including
light intensity, EY content, pH, Pt content, and catalyst (Pt/ZnO) dosage. The H2
generation rate data of experiments conducted under both visible and solar lights were
combined. Normality of the data —the key assumption for the statistical analysis of
experimental data — was confirmed by analyzing normal probability plots of the
residuals29. The experimental data was clustered into three groups depending on the
patterns of temporal variation of variables. The first group includes data describing the
effect of light intensity and catalyst dosage on H2 generation rate that has approximately
linear dependence (Fig. 3.13), second and third groups describing the data of the effect of
EY content, pH, and Pt content on H2 generation rate have nonlinear behaviours (Fig.
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3.14, Fig. 3). The commonly used significance level (α-level) of 0.05 was a criterion for
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interpreting the significance of calculated statistical estimates61.
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Figure 3.１２Group 1 fitted line of (a) solar intensity (b) catalyst dosage to
hydrogen generation rate
The first group was investigated by linear regression analysis. The data examination has
been done with the application of analysis of variance (ANOVA) method61. The
coefficients of determination R2 giving the proportion of H2 generation rate explained by
the light intensity and catalyst dosage are 95% and 89% respectively. The numerical
results of ANOVA are statistically significant in accordance with their corresponding pvalues (≤0.05) and the linear regression models can be given as follows:
H2 = −0.221 + 0.044 ∙ I

(16)

H2 = 1.543 + 2.224 ∙ [C]

(17)

where H2 – hydrogen generation rate μmol∙min-1, I – light intensity mW∙cm2, C – catalyst
(Pt/ZnO) dosage g∙l-1. The Pearson correlation coefficients r to the models Eq. 16 and Eq.
17 are 0.97 and 0.94 respectively that fall within a strong correlation range.
The pH and Pt loading dependencies were approximated by nonlinear regression models:
H2 = −6.661 ∙ Pt 2 + 12.110 ∙ Pt − 1.292

(18)
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H2 = −0.678 ∙ pH 2 + 9.749 ∙ pH − 31.515

(19)

where Pt – platinum content weight%
The calculated R2 are 94% and 84% respectively. In nonlinear regression analysis the
standard error of regression S is a more meaningful estimate of the goodness-of-fit rather
than R2. The calculated S values showing the average distance of the data points from the
fitted lines described by Eq. 18, Eq. 19 are 0.38 and 0.82 μmol∙min-1 respectively.
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Figure 3.１３Fitted line of (a) content of Pt and (b) pH to hydrogen generation rate
The last group of laboratory results of H2 generation rate as functions of EY was
approximated by the following nonlinear regression models:
H2 = 4.178 − 4.324/(2 ^ ([EY] / 0.030))
where EY – Eosin Y content g l-1.

(20)
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The R2 to the models above is 83% and the calculated S values is 0.55 μmol∙min-1. The p(a)

(b)

Figure 3.１５Normal probability plots of the residuals for H2 generation rate where
a) light intensity b) TEOA concentration are predictor variables
values corresponding to the lack-of-fit test are greater than α-level concluding that the
models (Eq. 20) accurately fit the experimental data. Calculations revealed the statistical
significance of the models (Eq.16-20) that can be further used to predict the H2
generation rate by varying the values of predictor variables – light intensity, TEOA
concentration, EY content, pH, Pt content and catalyst (Pt/ZnO) dosage. The normality
assumption is satisfied for all developed mathematical models as the analysis of normal
probability plots of the residuals showed. An example of normal probability plots of the
residuals for both linear and nonlinear regression models is presented in Fig. 3.16.
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3.4

Conclusions

Platinum loading, TEOA concentration, EY concentration, solar intensity and pH value
all play important roles in photocatalytic activities. The optimal point for platinum
loading to ZnO is 0.75 w%. Neutral pH value (7.0) is the optimal condition for HER to
happen. Light intensity has a positive effect on HER and solar and visible light didn’t
exert a huge difference on hydrogen generation rate under the same light intensity. TEOA
concentration has a positive effect on photocatalytic activities of Pt/ZnO while the
relation between TEOA concentration and Hydrogen generation rate fits well with
Langmuir-Hinshelwood kinetic model. Before weight ratio of EY concentration to
Pt/ZnO reached 1:10, it can effectively promote HER. Excessive loading of EY can
increase turbidity and light energy loss and hereby no longer contributed to hydrogen
generation rate. The highest hydrogen generation rate reached 6.504 μmol min-1 with 2.0
g l-1 of catalyst loading and after that the hydrogen generation rate starts decreasing
because of the increasing turbidity and aggregation. This study has proved that Pt/ZnO
have efficient photocatalytic activity for hydrogen generation and shed some light in the
field of ZnO as host photocatalyst for hydrogen generation.
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Conclusions and recommendations

4

This thesis has investigated the potential of EY-sensitized Pt/ZnO on hydrogen
production under solar and visible light irradiation. Six parameters were studied on their
effect to hydrogen generation rate, which are Pt loading content, light intensity, pH value,
TEOA concentration, EY concentration and photocatalyst loading. All of them have
positive effect on the photocatalytic activity of Pt/ZnO before their optimal point and
regression analysis was conducted on each parameter for prediction of hydrogen
generation rate when other parameters were kept in optimal situations. The results
showed that 0.75w% Pt/ZnO exhibited highest activity with hydrogen generation rate of
6.504 μmol min-1 under solar light irradiation.
For further studies of this system, recommendations are listed below:
•

Since Pt/ZnO nanoparticles have been proved to have efficient photocatalytic
activities for hydrogen generation, morphology studies can be followed up to
further enhance the photocatalytic activity of Pt/ZnO, such as core-shell model or
multi-layer model.

•

Since batch reactor was used in experimental section, the structure of reactor can
be improved based on the face that hydrogen has the tendency to gather at the top
of the reactor for its small density. If the reactor can have better circulation, the
results will be more accurate.

•

The stability of the system need to be further enhanced for the hydrogen
generation rate will decrease along with ongoing of experiment.
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